Autonomous underwater vehicles (AUVs) are widely used in the field of ocean engineering. Steady state analysis of a AUV is considered a necessary part in the design process. A rear dual propeller vector propulsion AUV is developed in this paper. Motivated by improving the AUV stability, a washout filter-based feedback optimization methodology for AUV is presented. First, with the AUV structural parameters, a AUV four degree-of-freedom mathematical model of the motion space is calculated to provide a mathematical basis for rock-bottom steady state control systems. Second, the transfer function of the filter is derived according to the pole-zero and root locus map of the AUV system. The washout filter correction model is established based on the root locus map and is connected in series with the AUV space-state model. The simulation analysis result shows that the stability of a system is greatly increased after the whole system is connected to the filter. Finally, the AUV thrust pool test and sailing test are carried out. The experimental results show that the proposed method can improve the thrust stability of a system. This method can be applied to AUV thrust control systems.
I. INTRODUCTION
In contemporary society, land resources are becoming increasingly in shortage. Countries around the world are turning their attention to the sea. The development and utilization of the ocean are the future trend. Therefore, AUVs have been developed rapidly [1] . From the 1970s and 1980s, subsea surveys have emerged. AUVs, which is safe and efficient, can be widely used in all aspects of marine-related work, such as marine environmental survey and marine geological exploration. The United States, Germany, Russia, the United Kingdom, France, Italy, Japan, China and other countries have been developing a variety of AUVs [2] . AUVs are considered as the swords for countries to develop and use the ocean. With the rapid development and advancement of correlative technology, various AUVs will be applied in marine-related research work.
To cope with extremely complex subsea environment, the anti-environmental interference ability, rapid response ability The associate editor coordinating the review of this manuscript and approving it for publication was Hamid Mohammad-Sedighi . and strong robustness ability should be involved in the consideration of design [3] . However, performing precise motion control of an AUV is a formidable task considering the complex model nonlinearities, unknown hydrodynamic coefficients, and time-varying ocean currents-induced disturbances [4] , [5] . Therefore, the steady state design and analysis of AUV are considered to be significant. The stabilization of a relative equilibrium for an underactuated AUV submerged in an ideal fluid in the 3-dimensional space was showed in [6] . Reference [7] addressed the robust stabilization of a relative equilibrium for an underactuated AUV with disturbances rejection. By matching the closed-loop equation and the open-loop equation, an antidisturbance stabilizing controller was presented, which required the knowledge of the uncertain damping. The paper [8] focused on the attitude tracking control of the autonomous underwater vehicle (AUV) using control moment gyros (CMGs) with the lumped nonlinearities including model uncertainty, coupling dynamic property, external disturbance, and input saturation. Pettersen considered the position and attitude stabilization control problem for AUVs with reduced actuators, and a feedback control VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ law was proposed to realize the exponential stabilization [9] . To deal with the unmatched disturbances, by adding an integral control action in the desired closed-loop system, an antidisturbance control method was presented for a class of nonlinear systems with unmatched disturbances [10] - [14] . Nouri and Valadi [15] used the input design approach which is robust to uncertainties in model parameters. The Bayesian robust design strategy was applied to design input signals for dynamic modeling of AUVs. According to the results, proposed input design could satisfy both robustness of constraints and optimality. Xia et al. [16] addressed the design of an improved line-of-sight (LOS) based adaptive locus tracking controller for an under-actuated AUV subjects to highly coupled nonlinearities, ocean currents-induced uncertainties, and input saturation.
In this study, we are interested in is a highly coupled 4 degrees-of-freedom underactuated nonlinear AUV's system [17] . The AUV stability design is carried out by two aspects [18] : AUV's ontological structure steady state analysis and internal control system optimization. The ontological structure is the natural property of AUV, and its stability is directly reflected by the AUV's anti-rollover ability and self-return capability [7] . Stability analysis of the AUV mechanical structure is used as the standard for the design of the ontological structure. In order to further improve the stability and robust control of AUV, the washout filter is designed, and the control model is analysed by the impulse response function to verify the AUV control effect [19] , [20] .
The reminder of this paper is organized as follows. In Section II, the kinematics model and hydrodynamic model of AUV is established. In Section III, steady state analysis and optimization based on washout filter root locus method is proposed. Section IV shows experimental verification. Section V summarizes the paper.
II. KINEMATIC MODEL OF AUV A. COORDINATE PARAMETER DEFINITION
The object of analysis is a closed-frame structure detectiontype AUV, developed by our research team, as shown in Fig. 1 . The detection sensor is installed at the front end of the AUV to detect marine water quality parameters. The sonar is installed on the top to detect surrounding obstacle information, and the bottom ultrasonic sensor is used to detect the distance between the AUV and the sea floor to prevent the AUV from touching the sea floor. The GPS is installed at the rear, and when the AUV surfaces, it reports its position to the base station via GPS. The power of this AUV is provided by three propellers.
The following assumptions are usually made in studying the equation of motion of such a AUV [21] :
(1) The AUV is seen as a rigid body.
(2) The acceleration component of the center of gravity is considered, but the influence of the Earth's rotation is ignored. (3) The force acting on the AUV structure is due to only the effects of gravity, hydrostatic force, and hydrodynamic force. (4) The fluid dynamic coefficient or parameter is constant. The coordinate system (E − ξ ηζ ) is used as the inertial coordinate system: E − ξ points to the center of the earth, E − η points to the geographic east, and E − ζ points to the geographic south. As shown in Fig. 2 , the vehicle coordinate system (O − xyz) is established, which is also known as the moving coordinate system. O − x is consistent with the AUV main symmetry axis, O − z is parallel to the front propeller pointing to the AUV bottom surface, and O − y conforms to the right-hand rectangular coordinate system.
For the purpose of kinematic and dynamic analysis, the AUV center of gravity and floating center position coincidence with O − x, 70 cm from the end of the AUV head; the center of gravity position is located 5 cm directly below the floating center position; the gravity of the AUV is 40 kg; and the origin of the inertial coordinate system coincides with the center of gravity.
The spatial position of the AUV is described by the three components of the moving coordinate system origin O in the static coordinate system, {ξ O, ηO, ζ O}, and the three attitude angles of the dynamic coordinate system for the static coordinate system, the horizontal inclination angle ϕ, pitch angle θ, and yaw angle ψ. The complex motion state of the AUV is decomposed into motions in two planes, as shown in Fig. 3 , namely, horizontal plane motion and vertical plane motion. In the low-speed navigation case, the coupling effects of motion in these two planes can be ignored. In the ground coordinate system {E}, the speed of the AUV is recorded as V , and the angular velocity is recorded as . The projections of V and on the three coordinate axes of the moving coordinate system {O} are recorded as u, u, w and p, q, r, respectively. The transformation of the above vector parameters between the moving coordinate system and the geodetic coordinate system is realized by the Euler transform equation. The Euler transform equation is directly quoted here and is not described. Note that the Euler transform matrix in this paper is as follows is obtained by the equation as shown at the bottom of this page.
1) HORIZONTAL MOVEMENT
Establish the positional relationship between the inertial coordinate system and the vehicle coordinate system in the horizontal plane, as shown in Fig. 3 .
The relationship between the various parameters in the plane of horizontal movement:
The relationship between the various parameters in the plane of the vertical movement:
The parameters presented in Fig. 3 are as follows: ψ -The yaw angle; clockwise is positive, and counterclockwise is negative V -The projection of the AUV center of gravity spatial velocity V on the horizontal plane u, v -The speed of V along the vehicle axes G x and G y β -The drift angle, the angle between the V and G x ; clockwise is positive, and counterclockwise is negative γ -Track angle, the angle between V and the axis E ξ , also known as the speed angle, clockwise is positive, and counterclockwise is negative r -The angular velocity of the AUV yaw motion; clockwise is positive, and counterclockwise is negative V -The projection of the AUV center of gravity spatial velocity V on the horizontal plane;
u, w -the speed of V on the vehicle axes G x and G z α -The drift angle, the angle between V andG x ; clockwise is positive, and counterclockwise is negative χ -Track angle, the angle between V and the axisE ξ , also known as the speed angle; clockwise is positive, and counterclockwise is negative q -Angular speed of the AUV pitching motion; counterclockwise is positive, and clockwise is negative
The track angles γ and χ are the horizontal and vertical planes, and the angle between the tangential velocity vector of the AUV motion locus in the horizontal plane and the vertical plane and the corresponding inertia coordinate axis characterizes the moving direction of the AUV in the inertial coordinate system.
The hydrodynamic angles α and β are in the horizontal and vertical planes, and the angle between the tangential velocity of the AUV motion locus in the horizontal plane and the vertical plane and the corresponding carrier coordinate axis characterizes the moving direction of the AUV in the vehicle coordinate system; a schematic of the hydrodynamic angles α and β is shown in Fig. 4 . power supply. The thrust force measuring platform of the propeller is used to obtain the thrust curve of a single propeller, as shown in Fig. 5 .
1) PARAMETER RELATIONSHIP CURVE
The thrust force measuring platform can measure the relationship between the four parameters of the propeller, duty, voltage, thrust and power in the hydrostatic water, as shown in Fig. 6 . The above parameters are measured in a test in a still water environment. The propeller is fixed on the propeller measuring platform, ignoring the small deformation of the load cell. At this time, the position of the propeller does not change due to its own thrust. The measured values are the values of the parameters in the still water. The thrust of the propeller is affected by many factors that arise from the interaction between the propeller and the AUV. The thrust is directly affected by the semiflow fraction and the thrust derating fraction. The thrust must be corrected to be the thrust value acting on the body when the AUV is self-propelled.
Due to the operation of the propeller, the speed-pressure field of the AUV body changes, resulting in an increase in the resistance of the AUV body, which is equivalent to a part of the net thrust generated by the propeller overcoming the increased resistance, so the propeller loses a portion of the thrust, and the dimensionless thrust derating value is used as a loss thrust value measure:
The parameters of which are as follows: t -The amount of thrust attenuation T 0 -The total thrust of the propeller T -Thrust acting on the AUV body Therefore, the propeller provides thrust to the AUV body:
The thrust derating fraction is affected by various factors such as the shape of the AUV structure, the diameter of the propeller, and the installation position of the propeller. It is very difficult to calculate this fraction by theoretical methods, and it can be estimated by the following equation:
The parameters of which are as follows: L -The total length of the AUV B -AUV body diameter
In this equation, α is the angle between the tangent of the streamline of the AUV tail shell and the long axis of the AUV. The angle corresponding to the AUV in this paper is α = 37 • , so the thrust derating coefficient is estimated to be t = 0.12.
The corrected relationship curve of the above four parameters is obtained, and the relationship between the duty cycle and the effective thrust of the propeller on the AUV body is obtained:
The parameters of which are as follows:
2) AUV PROPELLER SPATIAL DISTRIBUTION AND THRUST CALCULATION Three propellers are applied to the AUV: one front propeller and two rear propellers. The two rear propellers can be decomposed into two independent actions (horizontal advancement and vertical advancement), which can achieve 90 • rotation; however, these two actions can only be implemented selectively. Fig.7 shows the propellers and thrust distribution of the AUV. When the two rear propellers are horizontal, they are represented as Th 2 and Th 3 , and when they are vertical, they are represented as Th 2 and Th 3 , and the front propellers are represented as Th 1 . The resulting thrust is marked as T 1 , T 2 , T 3 , T 2 and T 3 , in sequence. Through the cooperation of these t ≈ 0.2 sin(α) five thrusts, four degrees-of-freedom movements of advance-retreat, up-down, pitching and turning are realized. To facilitate the calculation to introduce the following label, note:
The expression of the thrust generated by the propeller from the thrust profile of Fig. 7 is:
Bring the l 1 , l 2 , and l 3 parameter values of the AUV into the equation.
The above equation is brought into equation (18):
Finally, the calculation equation of the effective thrust T of the propeller is obtained, and equation (17) can be used to solve the duty cycle that should be input under the expected effective thrust value of the propeller. When the duty cycle is reversed, two solutions are obtained, and the solution with high value is discarded. The remaining small solution is the duty cycle value that should be input to the propeller. The duty cycle is the direct control object for the steady state control of the underlying AUV program, providing a mathematical basis for the following thrust output.
C. HYDRODYNAMIC MODEL OF AUV
Underwater, an AUV is subjected to hydrodynamic forces and self-thrust and is also subjected to the static force of gravity and buoyancy. Note that the added mass is used to represent the inertial force of the fluid and that the inertial force is related to the acceleration of the AUV. To simplify the calculation process, the AUV uniform motion state is studied in this paper, and the acceleration of the AUV is ignored, so the additional mass is also ignored. After calculating the trim, the AUV gravity P is equal to the buoyancy B, and the water posture is in the horizontal position, so the center of gravity and the floating center are on the same vertical line, the coordinate of the center of gravity G is (x g , y g , z g ), the coordinates of the floating center C are (x c , y c , z c ), the component of gravity with buoyancy in the inertial metric system is {0, 0, P − B}, and the transformation into the carrier coordinate system results in a static force and external force P + B matrix:
The calculation method of the external force F and external torque M uses
where F F is the hydrodynamic force of the AUV, B is the buoyancy of the AUV, Pis the gravity of the AUV, 
where m is the quality of the AUV. Xu, X uu , Zẇ, Zṗ, Z w , Z q , Mẇ, Mṗ, M w , M q , Nv, Nṙ , N v , and N r represent the hydrodynamic coefficients, which are set as empirical values. I x , I z , and I y represent the corresponding axis's rotational inertia of the AUV rotation.
III. STEADY STATE ANALYSIS AND OPTIMIZATION BASED ON THE ROOT LOCUS METHOD A. AUV MOTION SPACE STATE MODEL
The AUV spatial equation of state can be obtained by combining equations (21) and (25)-(28) and referring to the derivation process in [25] : 
where x 1 (t) is the swing angle (rad); x 2 (t) is the swing angular velocity (rad/s); x 3 (t) is the pitch angular velocity (rad/s); x 4 (t) is the pitch angle (rad); u 1 (t) is the thrust difference value of the rear propeller (N ); u 2 (t) is the value of the front propeller (N ); y 1 (t) is the output swing angle (rad); and y 2 (t) is the output swing angular velocity (rad/s). Assume that the AUV underwater navigation speed is 2 knots/s and that the AUV design parameter sets {A} and {B} are calculated by using self-developed AUV parameters. The pole-zero map of the AUV structure can be calculated by using equations (27) and (28) [26] , as shown in Fig. 8 . The map shows that there is a pair of conjugate poles in the AUV state-space model, indicating that the system progressively becomes stable and complies with design requirements. However, since the pole is close to the imaginary axis, the system damping is relatively small, and the robust performance is low. Once the damping of the system is improved, the AUV's ability to cope with complex sea conditions will be improved. 
2) UNIT IMPULSE RESPONSE ANALYSIS OF THE AUV SYSTEM
The stable performance of the AUV system under interference conditions is analyzed by loading the unit impulse. The unit impulse response of the system is shown in Fig. 9 .
The adaptive ability after the interference is considered extremely important in the actual voyage of the AUV. Fig. 9(a) illustrates the system has certain robustness. The axis title ''from u1 to y1'' indicates the effect of u1 on y1. The whole system tends to stabilize after being disturbed by the unit impulse for approximately 150 seconds, indicating that the pitch angle and the swing angle oscillate at first; then, the oscillation decreases, and the pitch angle and the swing angle gradually stabilize. It can also be seen that the AUV has a weak anti-interference ability within a short time, considering the first 20 seconds of the system unit impulse response, as shown in Fig. 9(b) . To improve the stability of the AUV system, the system is to be corrected by designing closed-loop feedback.
C. FEEDBACK SYSTEM CORRECTION DESIGN USING THE ROOT LOCUS METHOD
The root locus method is a graphical method for analyzing and designing a linear stochastic system. When a certain parameter of an open-loop system is increased from 0 to +∞, the locus change map of the characteristic equation of the closed-loop system follows the S-plane. The root locus map can not only reflect the response time of the closed-loop system but also determine how the open-loop zero point and the pole move in the S-plane to satisfy the stability of the closed-loop system.
A design goal of the stability system is to satisfy a natural frequency less than 1 (ω n < 1rad/s) and damping ratio greater than or equal to 0.3 (δ ≥ 0.3). The negative feedback correction system is designed to obtain the root locus map of the negative feedback system, as shown in Fig. 10 . It can be seen that the pair of conjugate poles of the negative feedback system are offset to the zero line and that the locus has a cross-line portion. Therefore, the negative feedback system will not only improve the system, but will immediately become unstable.
The AUV positive feedback system is designed to obtain a positive feedback root locus map, as shown in Fig. 11 . A simple positive feedback system can be satisfied: the system has good stability, and the root locus does not cross the zero line phenomenon, so the positive feedback of the AUV system is stable.
When the system damping ratio is δ ≥ 0.45, the root locus marks the position of the zero point, as shown in Fig. 12 . At this time, the system gain is approximately 2.64, and the system has a high stability, which satisfies the general stability design index.
The main motion of an AUV is cruising at the same depth and in the same horizontal plane. Therefore, the response relationship between the swing angle and the thrust difference of the rear propeller is very important. When the system gain is 2.64, a closed-loop feedback system is established to study the thrust difference. The steady state curve of the input and rotation angle output is used to establish the system response curve of the first 20 seconds after the system is disturbed by the unit impulse response. Compared with the AUV open-loop system, the closed-loop positive feedback system with a gain of 2.64 has a shorter response time. The resulting faster stability, less system oscillation, better stability and more robust control are shown in Fig. 13 .
D. WASHOUT FILTER ROOT LOCUS CORRECTION METHOD
It is necessary to ensure that the root locus cannot move farther to the left half plane in the pole-zero map and that the washout filter is designed to improve the stability of the AUV system [27] . The biggest advantage of a washout filter is that its mathematical form is simple, robust, and easy to construct, which greatly reduces the complexity of the control system. More importantly, the parameters of the transfer function can be easily derived according to the transfer function of the washout filter. The transfer function is
The zero point of the system is fixed at the origin; therefore, the root locus of the washout filter is limited to near the origin. Set τ = 0.2, and the system starts to converge when the impulse response is 5 seconds, so that the time constant s is 5. The washout filter-based closed-loop model is connected in series to the AUV system to form a new system, for which the pole-zero and root locus map is shown in Fig. 14. The locus map indicates that the series washout filter system is also stable. According to the general requirements of the stability system, when the system damping ratio is ξ = 0.3, the system gain is 1.74, as shown in Fig. 15 . The closed loop system with a series of washout filters is designed to obtain a steady state curve of the thrust difference input and the swing angle output, as shown in Fig. 16 .
It can be seen from Fig. 16 (a) that the system starts to converge within approximately 5 seconds, then tends to be stable. In addition, the system oscillation is reduced, the stability is improved, and the robustness is improved. The stability curves of other parameters are shown in Fig. 16(b) . These results prove that the feedback system of the series washout filter has strong robustness and stability, which can adapt to the complex underwater environment and ensures the safe operation of the robot system.
IV. RESULTS AND DISCUSSION
The six-dimensional test platform shown in Fig. 17 was built to carry out an AUV pool power test and mainly includes a six-dimensional pressure sensor (model BSY-3F), NI data acquisition card (model NI USB-231, eight single-ended or four differential 16-bit analog inputs and a 50 kS/s maximum sample rate) and PC. When the AUV is started, the sixdimensional pressure sensor can collect the thrust in the X, Y, and Z directions and the torque around the three sitting axes are Mx, My, and Mz; this information is sent to the PC through the NI capture card. The direct thrust testing, including forward thrust and reverse thrust tests, is shown in Fig. 18(a) and (b). The steering thrust testing, including left and right differential steering tests, is shown in Fig. 18(c) and (d) The direct thrust curves are obtained, as shown in Fig. 19 , and the steering thrust curves are shown in Fig. 20 . It can be seen from Fig. 19 that the forward thrust of the AUV is approximately 20 N and that the reverse thrust is approximately 13 N, which is in line with the objective fact that the forward thrust of the propeller is greater than the reverse thrust. When the AUV is not connected to the washout filter, both the forward and reverse thrusts fluctuate greatly, and the torque Mz around the z axis exhibits large fluctuations, which is not conducive to the straight sailing path of the AUV. There will be a large positional drift in the long-term cruising. When the AUV state-space model is connected in series with the washout filter proposed in this paper, both the forward thrust and the reverse thrust are greatly stabilized. More importantly, the value of Mz is greatly reduced, which helps to reduce the position error of the direct flight and improve the stability of the system of the AUV. Similarly, as shown in Fig. 20 , Fx is the forward thrust (N) and Mz is the torque (N/m). When the AUV is not connected to the washout filter, the Fx fluctuation during differential steering is much larger than the Fx in the direct thrust state. Similarly, when steering, the fluctuation of the Mz is more obvious, indicating that the system stability of the AUV system during differential steering is less than that of the system during straight sailing. When the AUV system is connected in series with the washout filter, the forward thrust fluctuations tend to be stable. Since the AUV studied in this paper adopts the rear double propellers layout, the forward thrust is provided by the two propellers. Once the thrust of the two propellers is slightly out of sync, the forward thrust fluctuation will be aggravated. Therefore, the washout filter improves the stability of the thrust of the double propeller by increasing the stability of the thrust of each propeller, ultimately improving the stability of the overall forward thrust of the AUV. The forward thrust value tends to 5 N, the differential left turn Mz is stable at −4.5 N, and the differential right turn is Mz stable at +4.5 N, indicating that the root locus-based washout filter correction design method proposed in this paper can effectively improve the stability of the system.
AUV sailing tests are carried out, as shown in Fig. 21 . It can be seen from the actual navigation state that the AUV can complete the actions of straight sailing, steering sailing, floating up, diving down, etc. according to the preset instructions, and the operation effect is good, i.e., no AUV roll or drift phenomenon occurs. It is further explained that the correction design based on the washout filter root locus method proposed in this paper is reliable and effective.
V. CONCLUSION
In this paper, the AUV kinematics and hydrodynamics are analyzed. The AUV spatial motion is decomposed into horizontal and vertical plane motions, and the AUV kinematics equation is derived for two planes of motion. Combining AUV structural parameters, gravity, buoyancy and other characteristics, the AUV external force analysis is carried out, and the AUV four degree-of-freedom mathematical model of motion space is further proposed, providing a mathematical basis for the AUV underlying steady state control. The AUV motion space equation is derived, and the state-space model is established. Then, the unit impulse interference signal is applied to the structure model to verify that the AUV mechanical structure has a certain stability control ability. After receiving external interference for approximately 150 seconds, the whole system is stabilized, indicating that the structural design meets the stability criteria.
To further improve the stability of the AUV, the internal control system is optimized. The pole-zero and root locus map of the AUV system is established, which is used as a guide to determine the key optimization parameters of the system stability. The AUV washout filter is designed, and the stability control is realized through the intervention of the rock-bottom control program. The simulation analysis, thrust tests and sailing tests show that the stability of the system is significantly improved when the whole system was connected to the filter. The greatest advantage of this method is that its mathematical form is simple and easy to construct, which greatly reduces the complexity of the control system; however, it is not necessarily the optimal control method. Therefore, the optimal control strategy based on the washout filter is a key issue that requires future research. His research interests include intelligent control, machine identification, and control strategy optimization using deep learning.
